Currently, 31 actinium, 31 thorium, 28 protactinium, and 23 uranium isotopes have so far been observed; the discovery of these isotopes is discussed. For each isotope a brief summary of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of actinium, thorium, protactinium, and uranium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life. All reported half-lives inconsistent with the presently adopted half-life for the ground state were compared to isomer half-lives and accepted as discoveries if appropriate following the criterium described above.
The first criterium is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
The discovery of several isotopes has only been reported in conference proceedings which are not accepted according to the second criterium. One example from fragmentation experiments why publications in conference proceedings should not be considered is 118 Tc and 120 Ru which had been reported as being discovered in a conference proceeding [5] but not in the subsequent refereed publication [6] .
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's.
For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . For the isotopes of the radioactive decay chains several books and articles were consulted, for example, the 1908 edition of "Gmelin-Kraut's Handbuch der anorganischen Chemie" [14] , Soddy's 1911 book "The chemistry of the radio-elements" [15] , the 1913 edition of Rutherford's book "Radioactive substances and their radiations" [16] , and the 1933 article by Mary Elvira Weeks "The discovery of the elements. XIX. The radioactive elements" published in the Journal of Chemical Education [17] . In addition, the wikipedia page on the radioactive decay chains was a good starting point [18] .
The isotopes within the radioactive decay chains were treated differently. Their decay properties were largely measured before the concept of isotopes was established. Thus we gave credit to the first observation and identification of a specific activity, even when it was only later placed properly within in the decay chain. th 1904 and published a year later [19] are shown by grey squares and connected by the grey arrows representing α and β decay. The uranium and radium decay chains were later shown to be connected and the decay from actinium to actinium X and from thorium to thorium X were more complex. These isotopes are shown as black squares with the corresponding decays shown by black arrows.
206−236 Ac
The discovery of the element actinium is generally credited to Debierne who described the observation of a new radioactive substance which he named actinium in two papers in 1899 and 1900 [20, 21] . However, in a comprehensive review of the literature Kirby argued in 1971 that actinium discovered by Giesel in 1902 [22] . Giesel had named his new substance emanium [23] .
Thirty-one actinium isotopes from A = 206-236 have been discovered so far and according to the HFB-14 model [24] about 60 additional actinium isotopes could exist. Figure 2 summarizes the year of first discovery for all actinium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fragmentation (PF), spallation (SP), photo-nuclear (PN), and heavy-ion transfer reactions (TR). In the following, the discovery of each actinium isotope is discussed in detail and a summary is presented in Table   1 .
206 Ac
Eskola et al. discovered
206 Ac and published the results in the 1998 paper "α decay of the new isotope 206 Ac" [25] .
A 5.5 MeV/nucleon 36 Ar beam from the Jyväskylä K-130 heavy-ion cyclotron bombarded a 175 Lu target to form 206 Ac in (5n) fusion-evaporation reactions. Residues were separated with the gas-filled separator RITU and implanted in a position sensitive passivated planar silicon detector which also detected subsequent α decay. " 206 Ac was found to have two α particle emitting isomeric levels with half-lives of (22
+9
−5 ) ms and (33 +22 −9 ) ms, and with α particle energies of (7790±30) keV and (7750±20) keV, respectively." These half-lives correspond to the currently adopted values for the ground state and an isomeric state, respectively. Original nomenclature of radium, actinium, thorium, protactinium, and uranium isotopes within the three natural occurring radioactive decay series. The grey squares connected by the grey arrows depict the activities labeled by Rutherford in his Bakerian lecture [19] . The black squares correspond to radioactive substances discovered later. [23] . Emanium turned out to be the same substance that Debierne had earlier called actinium [20] and Debierne is generally credited with the discovery of actinium. However, Kirby argued that Debierne could not have observed actinium in his first papers [20, 21] and thus credit should be given to Giesel [39] . The presently adopted half-life is 21.772(3) y. Ac in multinucleon-transfer reactions. Reaction products were mass separated and β-delayed γ-ray spectra were measured with two Ge detectors. "The γ-spectra of the A=234 sources show new γ lines of 44 (7) s half-life, besides known γ-rays from 234m,g Pa." This half-life is the currently adopted value.
Ac
The first observation of 235 Ac was reported in 2006 by Bosch et al. in the paper "Experiments with stored exotic nuclei at relativistic energies" [50] . A relativistic 238 U beam from the GSI SIS was fragmented and identified with the FRS. The fragments were injected into the ESR for Schottky Mass Spectrometry and lifetime measurements. The data for 235 Ac were displayed in a figure: "Discovery of the new isotope 235 Ac along with its mass and lifetime measurements applying time-resolved SMS. The mass value has been extracted by calibrating with the known mass for 235 Th, whereas the half-life has been extracted from the time evolution of the peak-area." The measured half-life of 60 (4) s is the currently adopted half-life.
In the 2010 paper "Discovery and investigation of heavy neutron-rich isotopes with time-resolved Schottky spectrometry in the element range from thallium to actinium", Chen 
3.
208−238 Th
The element thorium was discovered by Berzelius in 1829 [52] . The radioactivity of thorium was observed for the first time in 1898 by Schmidt [53] followed by M. Curie [54] only three months later. A detailed timeline of the discovery of thorium radioactivity can be found in the 1966 article by Badash [55] .
Thirty-one thorium isotopes from A = 206-236 have been discovered so far and according to the HFB-14 model [24] about 70 additional thorium isotopes could exist. Figure 3 summarizes the year of first discovery for all thorium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fragmentation (PF), neutron capture (NC), photo-nuclear (PN), and heavy-ion transfer reactions (TR).
In the following, the discovery of each thorium isotope is discussed in detail and a summary is presented in Table 1 . −0.6 ms were deduced for 208 Th." This half-life corresponds to the currently adopted value. In an earlier measurement only an upper limit for the production cross section of 208 Th was given [57] . fusion-evaporation reaction. Alpha-particle spectra were measured with a Si surface barrier detector. "Moreover, the excitation function of the 7.13 MeV peak, which is assigned to the decay of 214 Ra from its energy and half-life is almost identical with that of the 9.67 MeV peak, indicating that this nucleus is populated from the decay of 218 Th." The measured half-life of 96 (7) [67] . Alpha-and beta-ray activities of an actinium solution were measured following chemical separation. "...I have found that a new product is present in actinium which is intermediate between actinium and actinium X, and, from analogy to thorium, will be called for convenience 'radio-actinium.' This product emits α rays, is half-transformed in about twenty days, and is the parent of actinium X." The currently adopted half-life is 18.68(9) d.
Th
In 1905 Hahn published "A new radio-active element, which evolves thorium emanation. Preliminary communication"
reporting the observation of new radioactive substance later identified as 228 Th [68] . Activities from a "thorianite" sample were measured following chemical separation. "By a series of troublesome operations, a quantity of precipitate was obtained by aid of ammonia, and to separate iron, it was treated in acid solution with ammonium oxalate; this produced about 10 milligrammes of crystalline precipitate, which was by far the most active preparation obtained, and which shows after two months no diminution in its radio-active power... The close relation of the new body to thorium is proved, not merely by the apparent identity of the two emanations, but also in its having been separated from a mineral unusually rich in thorium." The currently accepted half-life is 1.9116(16) y. [69] . Thorium was extracted from uranium minerals and α-activities were measured following chemical separation. "For these and certain other reasons I think that there is good cause for believing that uranium minerals contain an element emitting α rays, which is different from the other elements that have been identified, which produces no emanation, and which resembles thorium in its chemical properties." Later in the year Boltwood suggested the name "ionium" for the new substance [70, 71] . The presently accepted half-life of 230 Th is 75380(300) y.
The 1911 discovery of UrY later identified as 231 Th was reported in "The disintegration products of uranium" by Antonoff [72] . Alpha-and beta-ray activities were measured from a uranium nitrate sample following chemical separation. the radioactivitiy of thorium [54] . The atomic weight of thorium was not shown to be close to mass 232 until 1909 [73] and Aston demonstrated in 1932 that 232 Th constituted the only thorium isotope of primordial origin [74] . The presently adopted half-life is 1.405(6)×10 10 y.
In 1935, the discovery of 233 Th was reported by Hahn and Meitner in the paper "Die künstliche Umwandlung des Thoriums durch Neutronen: Bilding der bisher fehlenden radioaktiven 4n + 1-Reihe" [42] . Hahn and Meitner although quoting the paper [43] .
Crookes reported the discovery of a radioactive substance later identified as 234 Th in the 1900 paper "Radio-activity of uranium" [77] . Activities of uranium nitrate were detected following chemical separation. "Having thus definitely proved that the supposed radio-activity of uranium and its salts is not an inherent property of the element, but is due to the presence of a foreign body, it is necessary patiently to determine the nature of the foreign body [For the sake of lucidity the new body must have a name. Until it is more tractable I will call it provisionally UrX−the unknown Once it was demonstrated that brevium and protactinium belonged to the same element, Fajans withdraw the right to name the element: "Dem Protactinium kommt im periodischen System dieselbe Stelle zu, wie dem Uran X 2 , und da es als das bei weitem langlebigere Element den Namen der Plejade bestimmt, besteht für die Bezeichnung Brevium kein Bedürfnis mehr." [Protactinium occurs in the periodic system in the same location as uranium X 2 , and since it is the by far longer-lived element which determines the name, the term breviums no longer needed.] [93] . In 1973, Fajans and
Morris reflected on the discovery and naming of protactinium [94] .
Twenty-eight protactinium isotopes from A = 212-239 have been discovered so far and according to the HFB-14 model [24] about 60 additional protactinium isotopes could exist. Figure 4 summarizes the year of first discovery for all protactinium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fragmentation (PF), neutron capture (NC), and heavy-ion transfer reactions (TR). In the following, the discovery of each protactinium isotope is discussed in detail and a summary is presented in Table 1 . by bombardment of osmium by phosphorus and of gold by magnesium" [98] . Beta-and gamma-rays were measured with an anthracene crystal and a beryllium window NaI crystal, respectively, following chemical separation. "On the basis of the assumption that this component is due to the decay of 236 Pa, the be reasonable for this reaction. We are therefore inclined to assign the 12-minute activity to 236 Pa." This measured 12.5(10) min half-life is close to the currently adopted half-life of 9.1(1) min.
237 Pa
In the 1954 paper "New isotope protactinium-237," Crane and Iddings described the observation of 237 Pa [111] . A 
5.
217−242 U
The element uranium was discovered by Klaproth in 1789 [114] and the radioactivity of uranium was observed for the first time in 1896 by Becquerel [115] .
Twenty-three uranium isotopes from A = 217-242 have been discovered so far with 220,221 U and 241 U yet to be observed. According to the HFB-14 model [24] about 80 additional uranium isotopes could exist. Figure 5 summarizes the year of first discovery for all uranium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), mass spectroscopy (MS), and neutron capture reactions (NC).
In the following, the discovery of each uranium isotope is discussed in detail and a summary is presented in Table 1 . Pa by α-correlation chains" [103] . A natural tungsten target was bombarded with a 4.5 MeV/u 40 Ar beam from the GSI linear accelerator UNILAC to form 222 U in (4n) fusion-evaporation reactions. Evaporation residues were separated by the velocity filter SHIP and implanted in a surface barrier detector which also measured subsequent α decays. "The correlation between the two events is certain, because the rate of 214 Ra α-decays was extremely low:
During the measuring time of 9 h, a total number of only twelve 214 Ra α-decays was observed. By means of the maximum likelihood method, a half-life of (1.0 234 U Geiger and Nuttall described the observation of a new uranium isotopes, U II in the 1912 paper "The ranges of the α particles from uranium" [126] . The α-particle ranges from a uranium source were measured with a Bragg ionization chamber. "Uranium I therefore, which has a period of 5×10 9 years, emits α particles of range 2.5 cm in air at atmospheric pressure and at 15
• C., and is followed by another α-ray product, uranium II, which has a period of about 2×10 6 years and emits α particles of range 2.9 cm." Earlier, the existence of a second α emitting uranium isotope was suspected from the number of emitted α particles per uranium atom [127, 128] . From the nuclear systematics of the uranium decay Soddy identified in 1923 U II with 234 U [129] . However, it was not until 1939 that Nier showed that 234 U was a very minor constituent of naturally occurring uranium with an abundance 1/17000 percent that of 238 U [130] . The currently adopted half-life of 234 U is 245,500(600) y.
U
In the 1935 article "Isotopic constitution of uranium" Dempster reported the discovery of 235 U in natural uranium [131] .
Uranium samples were used in a spark source of the Chicago mass spectrograph. "It was found that an exposure of a few seconds was sufficient for the main component at 238 reported by Dr. Aston; but in in addition on long exposures a faint companion of atomic weight 235 was also present. With two different uranium electrodes it was observed on eight photographs, and two photographs with the pitchblende electrode also showed the new component. 237 U Nishina et al. described the discovery of 237 U in the 1940 article "Induced β-activity of uranium by fast neutrons" [136] . A uranium oxide sample was irradiated with fast neutrons produced by bombarding lithium with 3 MeV deuterons from the Tokyo cyclotron. Beta-decay curves were measured following chemical separation. "The activity of the irradiated uranium was compared with that of a non irradiated sample, in order to subtract the growing β-activity due to disintegration products of uranium. The difference thus obtained shows a 6.5-day period. This activity is probably due to U 237 produced from U 238 through loss of a neutron, as in the case of the production of UY from thorium." This half-life agrees with the currently adopted value of 6.752(2) d. Less than two months later McMillan independently reported a 7.0(2) d half-life [137] .
238 U
In 1896 Becquerel described the discovery of radioactivity in the article "Sur les radiationsémises par phosphorescence" [115] . The effect of a sample of phosphorescent uranium salt containing what was later identified as 238 U on a photographic plate was studied. "On doit donc conclure de ces expériences que la substance phosphorescente en questioń emet des radiations qui traversent le papier opaqueà la lumiére et réduisent les sels d'argent." [From these experiments we must therefore conclude that the phosphorescent substance in question emits radiation which passes through the paper which is opaque to light and reduces the silver salts.] The atomic weight was not shown to be close to mass 238 until 1917 [138] but this allowed Soddy in 1923 [129] to identify 238 U as the source of the uranium decay chain.
However, only in 1931 Aston showed that 238 U was the principal isotope of naturally occurring uranium [139] . The other decay paths most likely were due to fission products.
In 1950, the discovery of 240 U was described in the article "The radiations of U 240 and Np 240 " by Knight et al. [141] .
Uranium was irradiated with neutrons to form 240 U by successive neutron capture. Following chemical separation, decay curves were measured with continuous-flow methane gas proportional counters and β-and γ-ray spectra were recorded with a magnetic lens spectrometer and a NaI(Tl) crystal, respectively. "These measurements yielded a U 240 half-life of Np" This half-life is the currently adopted value for 242 U.
Summary
The discoveries of the known actinium, thorium, protactinium, and uranium isotopes have been compiled and the methods of their production discussed. Only the following five isotopes were initially identified incorrectly: 225,229,231,232 Ac and 233 Pa. In addition, the half-life of 233 Th was at first reported without a definite mass assignment. 
